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NERVE MOVEMENT AND STATUS DETECTION 
SYSTEMAND METHOD 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 This invention relates to nerve monitoring systems, 
and more particularly to relative nerve movement and Status 
detection methods and Systems. 
0003 2. Description of Related Art 
0004 Systems and methods exist for monitoring a nerve. 
One Such System determines when a Stimulating needle is 
approaching a nerve. The System applies a current to the 
needle to evoke a muscular response. The muscular response 
is visually monitored (typically as a shake or “twitch'). 
When the user observes Such a muscular response, the 
needle is considered to be near the nerve coupled to the 
responsive muscle. These Systems require the user to 
observe the muscular response (to determine that the needle 
has approached the nerve). This may be difficult depending 
on the competing tasks of the user. In addition, when general 
anesthesia is used during a procedure, muscular response 
may be Suppressed, limiting the ability of a user to detect the 
response. 

0005 Accordingly, a need exists for a better system and 
method that can determine the movement and Status of 
CWCS. 

SUMMARY OF THE INVENTION 

0006 The present invention includes a method and sys 
tem for determining the Status of a nerve and relative 
movement between a nerve and a conductive device. The 
present includes a method for determining relative move 
ment between a nerve and a Second conductive element. The 
method includes applying a first electrical Signal to a first 
conductive element. The first conductive element is located 
at a position where the distance between the first conductive 
element and the nerve is relatively constant. The first elec 
trical Signal has an energy level that induces a predetermined 
nerve response. The method also applies a Second electrical 
Signal to the Second conductive element. The Second elec 
trical Signal has an energy level that induces the predeter 
mined nerve response. Then the method applies a third 
electrical signal to the Second conductive element. The third 
electrical signal has an energy level that induces the prede 
termined nerve response. When the current level of the third 
electrical Signal is not Substantially equal to the current level 
of the Second electrical Signal, the method applies a fourth 
electrical signal to the first conductive element. The fourth 
electrical signal has an energy level that induces the prede 
termined nerve response. Then, the method determines that 
relative movement between the nerve and the Second con 
ductive element has occurred when the energy level of the 
first electrical Signal is Substantially equal to the current 
level of the fourth electrical signal. 
0007. The method may further include placing a first 
conductive element at a position where the distance between 
the first conductive element and the nerve is relatively 
constant. The first electrical Signal may have a current level 
that induces the predetermined nerve response. Further, the 
nerve response may be determined from at least one EMG 
measured at a muscle physiologically coupled to the nerve. 
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The method may also include determining that the nerve 
Status has changed when the energy level of the first elec 
trical Signal is not Substantially equal to the energy level of 
the fourth electrical Signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a block diagram of a nerve movement/ 
Status detection System in accordance with the present 
invention. 

0009 FIG. 2 is a flowchart of an exemplary method of 
determining nerve movement or Status change in accordance 
with the present invention. 
0010 FIG. 3A is an illustrative diagram of a nerve 
Stimulation and nerve response System according to the 
present invention. 
0011 FIG.3B is a simplified diagram of an EMG accord 
ing to the present invention. 
0012 FIG. 3C is a diagram showing a mapping of the 
peak-to-peak voltage of EMG Signal verSuS input signal 
current level according to the present invention. 
0013 FIG. 4A is an exemplary graph of the peak-to-peak 
Voltage level of EMG response verSuS input signal current 
level according to the present invention. 
0014 FIG. 4B is a diagram of an exemplary method of 
determining a hanging point of the curve shown in FIG. 4A 
according to the present invention. 
0.015 FIG. 4C is a flowchart of the exemplary method of 
determining the hanging point of the curve shown in FIG. 
4A according to the present invention. 
0016. Like reference numbers and designations in the 
various drawings indicate like elements. 

DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

0017. Throughout this description, the preferred embodi 
ment and examples shown should be considered as exem 
plars, rather than as limitations on the present invention. 
0018 FIG. 1 is a diagram of an exemplary relative nerve 
movement and Status System 10 in accordance with the 
present invention. The System 10 includes an output device 
12, a user input device 16, a processor 20, a proximity 
electrode 21, a calibration electrode 22, and an electromyo 
gram (EMG) electrode 24. The processor 20 includes a 
central processing unit (“CPU”) 14 and a Digital to Analog 
converter (“D/A) and Analog to Digital Converter (“AID") 
18. The CPU 14 may be any microprocessor having suffi 
cient processing power to control the operation of the D/A 
& A/D 18, and output device 12. The D/A & A/D 18 is any 
Such device having a Sufficient Sampling rate and bit reso 
lution to generate signals as described herein. The calibra 
tion electrode 22 is an electrode Suitable for placement at a 
location where the distance to a nerve of a patient to be 
monitored is relatively constant. The EMG electrode 24 is an 
electrode(s) capable of detecting an EMG response where 
the electrode(s) may be inserted into a muscle physiologi 
cally coupled to the nerve to be monitored or placed on Skin 
above the muscle. The proximity electrode 21 is an electrode 
that may be coupled to any medical device including a 
cannula, pedicle probe, needle, catheter, RF ablation device, 
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medical laser, or other medical instrument. The proximity 
electrode 21 may include a single electrode (mono-polar), 
two electrodes (bipolar), or a plurality of electrodes (multi 
polar) configuration. 
0019. The CPU 14 controls the operation of the D/A & 
A/D 18 and output device 12 based on user selection 
received via the user input device 16. The user input device 
16 may be any input device including a keyboard, mouse, 
and touch Sensitive Screen. The output device 12 may be any 
user readable output device controllable by the CPU 14 Such 
as computer monitor, printer, and other computer controlled 
display device. The System 10 generates electrical Stimulus 
Signals that are transmitted to the electrodes 21 and 22. The 
system interaction is described with reference to FIG. 2. The 
system 10 also receives signals from the EMG electrode 24. 
In general, the System 10 generates an electrical Stimulus 
signal for the electrodes 21 and 22 via the D/A 18. In 
particular, the CPU 14 generates a digital representation of 
Stimulus signals to be transmitted by the electrodes 21 and 
22. The D/A converts the digital Signals to analog Stimulus 
signals that are transmitted by the electrodes 21 and 22. The 
Stimulus signals are used to induce a nerve response in one 
or more nerves of interest located near or about the elec 
trodes 21 and 22. 

0020. An exemplary induce nerve response is an EMG 
derived from a muscle physiologically coupled to the 
nerve(s) of interest. FIGS. 3A to 3C depict an exemplary 
method of determining a nerve response to a stimulus Signal 
according to the present invention. FIG. 3A is an illustrative 
diagram of a nerve stimulation and nerve response System 
200 according to the present invention. The system depicts 
a plot of a stimulus pulse 210, stimulus electrode 220, nerve 
230, muscle 240 physiologically coupled to the nerve 230, 
EMG electrodes 250, differential pair 252, differential 
amplifier 254, and plot of EMG signal 260. In this exem 
plary System 200, a Stimulus signal having a fixed current 
level and having the shape shown in the plot 210 is applied 
to the stimulus electrode 220. The stimulus electrode 220 
may be a proximity or calibration electrode. The Stimulus 
electrode 220 is located near or about a nerve 230 of interest. 
The stimulus electrode 220 radiates the stimulus signal to 
the nerve 230. The nerve 230 may generate a response 
(depolarize) when the energy level of the stimulus signal210 
is sufficient. When the nerve is depolarized, the nerve may 
innervate the muscle fibers 240. The EMG electrodes 250 
conduct any electrical activity in the muscle fibers 240. The 
electrodes are coupled to the differential amplifier 254 by the 
differential pair of wires 252. The differential amplifier 254 
may generate an EMG similar to the simplified EMG plot 
260. 

0021. The present invention determines the induced 
nerve response (from a stimulus signal applied to a stimulus 
electrode), by measuring the maximum peak-to-peak volt 
age response of the EMG generated from a muscle physi 
ologically coupled to the nerve. FIG. 3B is a simplified plot 
of an EMG according to the present invention where the 
peak-to-peak response (magnitude) 262 is shown. In one 
embodiment, the invention may increase the current level of 
the Stimulus signal applied to the Stimulus electrode 220 
until the maximum peak-to-peak EMG Voltage response 
reaches Some predetermined minimum value. In another 
embodiment, the invention generates a mapping of the 
maximum EMG peak-to-peak voltage level versus the input 
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Signal current level. Such an exemplary mapping is shown 
in FIG. 3C. In this example, the maximum EMG peak-to 
peak voltage level 262,272, and 282 for three EMG signals 
260,270, and 280 are mapped relative to the stimulus signal 
current level. A curve that best fits through these mappings 
is termed an S-curve or recruitment curve. 

0022. In one exemplary embodiment, the stimulus cur 
rent level is increased until a particular point on the recruit 
ment curve is located. Then the Stimulus current associated 
with the predetermined point on the recruitment curve is 
Selected as the current level required to induce the prede 
termined nerve response. FIG. 4A is an exemplary plot of 
such a recruitment curve with a predetermined point 308 
Selected where the point is termed the hanging point. 
Accordingly, the Stimulus current level (about 12 mA in this 
example) that corresponds to the hanging point of the 
recruitment curve is designated as the current level that 
induces a predetermined nerve response according to one 
exemplary embodiment of the invention. FIGS. 4B and 4C 
illustrate one exemplary method of determining the location 
of a hanging point of a recruitment curve. 
0023. As noted, the recruitment curve is comprised of 
individual mapping points of EMG peak-to-peak voltage 
versus stimulus signal current level (such as shown in FIGS. 
3C and 4B). The method locates the “hanging point” of the 
recruitment curve by accumulating a number of Such map 
ping points and then attempting to fit three different lines 
Segments through this minimum number of points. AS 
shown in FIG. 4C, the first step 312 determines whether 
there are a Sufficient number of mappings. In one exemplary 
embodiment the method waits until there are at least 2 m 
points (nd-2 m) where m is the minimum number of points 
that may be used to generate one of the three lines Segments. 
In one embodiment, m is at least 7, so n is at least 15 before 
the method is employed. Then the method (steps 314,316) 
determines: 

0024) a) the line segment that best fits all n points, 
shown as line 302 in FIG. 4B; 

0.025 b) the line segment that best fits the first m 9. 
points, shown as line 306 in FIG. 4B, and 

C) the line Segment that beSt itS the last n-m OO26 he li 9. hat best fits the l 
points, shown as line 304 in FIG. 4B. 

0027. The parameters of these three line segments are 
determined using linear regression in one embodiment. 
Then, the method determines how well each line Segment 
fits the mappings. In one embodiment, the fit for each 
Segment is determined by calculating the root mean Square 
(“RMS) error for each line segment versus mappings (Step 
318). The calculated RMS error for lines 302,306, and 304 
are termed E3, E1, and E2. The method determines that the 
mth point (mapping) is the hanging point when 

0028. In this equation C1 and C2 are calibration constants 
and each are less than one. This equation indicates that the 
two smaller line segments 304 and 306 better fit the map 
pings than the Single line Segment 302. 
0029. The method may also monitor the slope of the line 
segments 302, 304, 306. When the slopes of the line 
Segments are similar, the method may determine that the first 
point (mapping) represents the hanging point of the recruit 
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ment curve. This situation may occur when the Stimulus 
electrode is a Sufficient distance from the nerve that the first 
measurable EMG response is the also the hanging point. In 
order to perform this exemplary method, the EMG electrode 
24 receives EMG or evoked muscle action potential 
(“EMAP) signals generated by muscle fiber 240 electrically 
coupled to the EMG electrodes 24. In the present invention, 
the nerve is Stimulated by an electrical Signal transmitted by 
electrode 21 or 22. The A/D 18 converts the analog signal 
received by the EMG electrode 24 (after processing by the 
differential amplifier 254) into a digital signal that may be 
processed by the CPU 14. 

0030 FIG. 2 depicts an exemplary method 100 of deter 
mining relative movement between a nerve and a proximity 
electrode where a calibration electrode is placed at a location 
that is a constant distance from the nerve during the execu 
tion of the method. The method 100 places a calibration 
electrode at a location that is a constant or fixed distance 
from the nerve (step 102). Ideally, the distance between the 
calibration electrode and nerve remains constant or fixed 
during the execution of the method. In one embodiment, the 
calibration electrode is placed in the epidural Space above 
the dura of the Spinal cord and between the Spinous pro 
ceSSes near the nerve of interest and midline to the Spinal 
cord. 

0.031) A proximity electrode may be placed at some 
desired location or a clinician may be manipulating a tool 
including the electrode (step 104). The calibration electrode 
is Stimulated with a first Signal whose current level is 
induces the predetermined nerve response (step 106). AS 
shown with reference to FIGS. 4A, 4B, and 4C, the process 
of determining the first Signal current level that induces the 
predetermined nerve response may include mapping the 
recruitment curve and finding the Stimulus current level that 
corresponds to the hanging point of the recruitment curve. 
The proximity electrode is then stimulated with a second 
Signal whose current level induces the predetermined nerve 
response (step 108). 

0.032 Because this method may be executed during a 
procedure where the relative distance between the proximity 
electrode and nerve may change, the method repeats these 
Steps and then determines whether any changes (nerve Status 
or relative distance/movement) have occurred. Accordingly, 
the calibration electrode is then stimulated with a third 
Signal whose current level induces the predetermined nerve 
response (step 112). The proximity electrode is stimulated 
with a fourth Signal whose current level induces the prede 
termined nerve response (step 114). Then the electrodes 
Stimulus current levels (that induced the predetermined 
nerve response) are compared to determine whether relative 
movement between the nerve and the proximity electrode 
has occurred, the nerve Status has changed, or no detectable 
change has occurred. First (at Step 116), the Second signal 
current level is compared to the fourth Signal current level. 
When the current levels of these signals are substantially the 
Same, no change has likely occurred, i.e., no relative move 
ment between the nerve and the proximity electrode has 
occurred and the nerve Status has not changed. Note: Step 
112 may be bypassed when these levels are substantially 
equal. 

0.033 When the second signal current level is not sub 
Stantially equal to the fourth Signal current level, then one of 
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the nerve Status and the relative distance between the nerve 
and the proximity electrode has changed. In order to deter 
mine which has changed, the method 100 (at step 118) 
compares the first signal current level to the third signal 
current level (for the calibration electrode). Given the rela 
tive distance between the calibration electrode and nerve is 
constant during the execution of the method, the current 
level required to induce the predetermined nerve response 
should remain constant unless the nerve health or Status has 
changed. When these levels (first signal and third signal 
current levels) are equal the method determines that the 
relative distance between the nerve and the proximity elec 
trode has changed (step 124). Otherwise, the method 100 
determines that at least the nerve status has changed (Step 
122). 
0034. While this invention has been described in terms of 
a best mode for achieving this invention's objectives, it will 
be appreciated by those skilled in the art that variations may 
be accomplished in View of these teachings without deviat 
ing from the Spirit or Scope of the present invention. For 
example, the present invention may be implemented using 
any combination of computer programming Software, firm 
ware or hardware. As a preparatory Step to practicing the 
invention or constructing an apparatus according to the 
invention, the computer programming code (whether Soft 
ware or firmware) according to the invention will typically 
be stored in one or more machine readable Storage mediums 
Such as fixed (hard) drives, diskettes, optical disks, magnetic 
tape, semiconductor memories such as ROMs, PROMs, etc., 
thereby making an article of manufacture in accordance with 
the invention. The article of manufacture containing the 
computer programming code is used by either executing the 
code directly from the Storage device, by copying the code 
from the Storage device into another Storage device Such as 
a hard disk, RAM, etc. or by transmitting the code on a 
network for remote execution. 

0035. As can be envisioned by one of skill in the art, 
many different combinations of the above may be used and 
accordingly the present invention is not limited by the Scope 
of the appended claims. 
What is claimed is: 

1. A method of determining relative movement between a 
nerve and a Second conductive element comprising the Steps 
of: 

(a) applying a first electrical signal to a first conductive 
element where the first conductive element is located at 
a position where the distance between the first conduc 
tive element and the nerve is relatively constant and the 
first electrical Signal has an energy level that induces a 
predetermined nerve response; 

(b) applying a Second electrical signal to the Second 
conductive element where the Second electrical Signal 
has an energy level that induces the predetermined 
nerve response; 

(c) applying a third electrical signal to the Second con 
ductive element where the third electrical Signal has an 
energy level that induces the predetermined nerve 
response, 

(d) when the current level of the third electrical signal is 
not Substantially equal to the current level of the Second 
electrical Signal applying a fourth electrical Signal to 
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the first conductive element where the fourth electrical 
Signal has an energy level that induces the predeter 
mined nerve response, and 

(e) determining that relative movement between the nerve 
and the Second conductive element has occurred when 
the energy level of the first electrical Signal is Substan 
tially equal to the current level of the fourth electrical 
Signal. 

2. The method of claim 1, wherein step a) includes: 
(i) placing a first conductive element at a position where 

the distance between the first conductive element and 
the nerve is relatively constant; and 

(ii) applying a first electrical signal to the first conductive 
element where the first electrical signal has an energy 
level that induces a predetermined nerve response. 

3. The method of claim 1, wherein the first electrical 
Signal has a current level that induces the predetermined 
nerve response. 

4. The method of claim 1, wherein the nerve response is 
determined from at least one EMG measured at a muscle 
physiologically coupled to the nerve. 

5. The method of claim 4, further comprising the step of 
determining the nerve Status has changed when the energy 
level of the first electrical signal is not Substantially equal to 
the energy level of the fourth electrical Signal. 

6. A method of determining nerve Status comprising the 
Steps of: 

(a) applying a first electrical signal to a first conductive 
element where the first conductive element is located at 
a position where the distance between the first conduc 
tive element and the nerve is relatively constant and the 
first electrical Signal has an energy level that induces a 
predetermined nerve response; 

(b) applying a Second electrical signal to the Second 
conductive element where the Second electrical Signal 
has an energy level that induces the predetermined 
nerve response; 

(c) applying a third electrical signal to the Second con 
ductive element where the third electrical Signal has an 
energy level that induces the predetermined nerve 
response, 

(d) when the current level of the third electrical signal is 
not Substantially equal to the current level of the Second 
electrical Signal applying a fourth electrical Signal to 
the first conductive element where the fourth electrical 
Signal has an energy level that induces the predeter 
mined nerve response, and 

(e) determining the nerve status has changed when the 
energy level of the first electrical Signal is not Substan 
tially equal to the energy level of the fourth electrical 
Signal. 

7. The method of claim 6, wherein step a) includes: 
(i) placing a first conductive element at a position where 

the distance between the first conductive element and 
the nerve is relatively constant; and 

(ii) applying a first electrical signal to the first conductive 
element where the first electrical signal has an energy 
level that induces a predetermined nerve response. 
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8. The method of claim 6, wherein the first electrical 
Signal has a current level that induces the predetermined 
nerve response. 

9. The method of claim 6, wherein the nerve response is 
determined from at least one EMG measured at a muscle 
physiologically coupled to the nerve. 

10. An article of manufacture for use in determining 
relative movement between a nerve and a Second conductive 
element, the article of manufacture comprising computer 
readable Storage media including program logic embedded 
therein that causes control circuitry to perform the Steps of: 

(a) applying a first electrical signal to a first conductive 
element where the first conductive element is located at 
a position where the distance between the first conduc 
tive element and the nerve is relatively constant and the 
first electrical Signal has an energy level that induces a 
predetermined nerve response; 

(b) applying a Second electrical signal to the Second 
conductive element where the Second electrical Signal 
has an energy level that induces the predetermined 
nerve response; 

(c) applying a third electrical signal to the Second con 
ductive element where the third electrical Signal has an 
energy level that induces the predetermined nerve 
response, 

(d) when the current level of the third electrical signal is 
not Substantially equal to the current level of the Second 
electrical Signal applying a fourth electrical Signal to 
the first conductive element where the fourth electrical 
Signal has an energy level that induces the predeter 
mined nerve response, and 

(e) determining that relative movement between the nerve 
and the Second conductive element has occurred when 
the energy level of the first electrical Signal is Substan 
tially equal to the current level of the fourth electrical 
Signal. 

11. The article of manufacture of claim 10, wherein the 
first electrical signal has a current level that induces the 
predetermined nerve response. 

12. The article of manufacture of claim 10, wherein the 
nerve response is determined from at least one EMG mea 
Sured at a muscle physiologically coupled to the nerve. 

13. The article of manufacture of claim 10, further com 
prising the Step of determining the nerve Status has changed 
when the energy level of the first electrical Signal is not 
Substantially equal to the energy level of the fourth electrical 
Signal. 

14. An article of manufacture for use in determining nerve 
Status, the article of manufacture comprising computer read 
able Storage media including program logic embedded 
therein that causes control circuitry to perform the Steps of: 

(a) applying a first electrical signal to a first conductive 
element where the first conductive element is located at 
a position where the distance between the first conduc 
tive element and the nerve is relatively constant and the 
first electrical Signal has an energy level that induces a 
predetermined nerve response; 

(b) applying a Second electrical signal to the Second 
conductive element where the Second electrical Signal 
has an energy level that induces the predetermined 
nerve response; 
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(c) applying a third electrical signal to the Second con 
ductive element where the third electrical Signal has an 
energy level that induces the predetermined nerve 
response, 

(d) when the current level of the third electrical signal is 
not Substantially equal to the current level of the Second 
electrical Signal applying a fourth electrical Signal to 
the first conductive element where the fourth electrical 
Signal has an energy level that induces the predeter 
mined nerve response, and 

(e) determining the nerve status has changed when the 
energy level of the first electrical Signal is not Substan 
tially equal to the energy level of the fourth electrical 
Signal. 

15. The article of manufacture of claim 14, wherein the 
first electrical signal has a current level that induces the 
predetermined nerve response. 

16. The article of manufacture of claim 14, wherein the 
nerve response is determined from at least one EMG mea 
Sured at a muscle physiologically coupled to the nerve. 

17. An apparatus for determining relative movement 
between a nerve and a Second conductive element, the 
apparatus including: 

(a) means for applying a first electrical signal to a first 
conductive element where the first conductive element 
is located at a position where the distance between the 
first conductive element and the nerve is relatively 
constant and the first electrical Signal has an energy 
level that induces a predetermined nerve response; 

(b) means for applying a second electrical signal to the 
Second conductive element where the Second electrical 
Signal has an energy level that induces the predeter 
mined nerve response; 

(c) means for applying a third electrical signal to the 
Second conductive element where the third electrical 
Signal has an energy level that induces the predeter 
mined nerve response; 

(d) means for applying a fourth electrical signal to the first 
conductive element where the fourth electrical Signal 
has an energy level that induces the predetermined 
nerve response when the current level of the third 
electrical signal is not Substantially equal to the current 
level of the Second electrical Signal; and 

(e) means for determining that relative movement 
between the nerve and the Second conductive element 
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has occurred when the energy level of the first electrical 
Signal is Substantially equal to the current level of the 
fourth electrical Signal. 

18. The apparatus of claim 17, wherein the first electrical 
Signal has a current level that induces the predetermined 
nerve response. 

19. The apparatus of claim 17, wherein the nerve response 
is determined from at least one EMG measured at a muscle 
physiologically coupled to the nerve. 

20. The apparatus of claim 17, further comprising means 
for determining the nerve Status has changed when the 
energy level of the first electrical signal is not Substantially 
equal to the energy level of the fourth electrical Signal. 

21. An apparatus for determining nerve Status, the appa 
ratus including: 

(a) means for applying a first electrical Signal to a first 
conductive element where the first conductive element 
is located at a position where the distance between the 
first conductive element and the nerve is relatively 
constant and the first electrical Signal has an energy 
level that induces a predetermined nerve response; 

(b) means for applying a second electrical signal to the 
Second conductive element where the Second electrical 
Signal has an energy level that induces the predeter 
mined nerve response; 

(c) means for applying a third electrical signal to the 
Second conductive element where the third electrical 
Signal has an energy level that induces the predeter 
mined nerve response; 

(d) means for applying a fourth electrical signal to the first 
conductive element where the fourth electrical Signal 
has an energy level that induces the predetermined 
nerve response when the current level of the third 
electrical signal is not Substantially equal to the current 
level of the Second electrical Signal; and 

(e) means for determining the nerve status has changed 
when the energy level of the first electrical Signal is not 
Substantially equal to the energy level of the fourth 
electrical signal. 

22. The apparatus of claim 21, wherein the first electrical 
Signal has a current level that induces the predetermined 
nerve response. 

23. The apparatus of claim 21, wherein the nerve response 
is determined from at least one EMG measured at a muscle 
physiologically coupled to the nerve. 

k k k k k 


